Dickinson JM, Reidy PT, Gundermann DM, Borack MS, Walker DK, D'Lugos AC, Volpi E, Rasmussen BB. The impact of postexercise essential amino acid ingestion on the ubiquitin proteasome and autophagosomal-lysosomal systems in skeletal muscle of older men. Essential amino acid (EAA) ingestion enhances postexercise muscle protein synthesis, and, in particular, the anabolic response of older adults appears sensitive to the quantity of ingested leucine. The effect of leucine ingestion on muscle breakdown following resistance exercise (RE) is less understood. The purpose of this study was to identify the impact of postexercise leucine ingestion on the ubiquitin proteasome and autophagosomal-lysosomal systems following acute RE in older men. Subjects (72 Ϯ 2 yr) performed RE and 1 h postexercise ingested 10 g of EAA containing a leucine quantity similar to quality protein (control, 1.8 g leucine, n ϭ 7) or enriched in leucine (leucine, 3.5 g leucine, n ϭ 8). Stable isotope infusion and muscle biopsies (vastus lateralis) obtained at rest and 2, 5, and 24 h postexercise were used to examine protein content (Western blot), mRNA expression (RT-quantitative PCR), and muscle protein fractional breakdown rate (FBR). Muscle-specific RING finger 1 mRNA increased in both groups at 2 and 5 h (P Ͻ 0.05). LC3 mRNA increased, and the LC3BII-to-LC3BI ratio decreased at all postexercise time points in control (P Ͻ 0.05). Conversely, LC3 mRNA only increased at 2 h, and the LC3BII-to-LC3BI ratio only decreased at 2 and 5 h in leucine (P Ͻ 0.05). Tumor necrosis factor receptor-associated factor-6 mRNA increased (P Ͻ 0.05) in control at 5 h. FBR was not statistically different between groups or from basal 24 h postexercise (P Ͼ 0.05). These data indicate that ingesting a larger quantity of leucine following RE may further reduce postexercise skeletal muscle autophagy in older men; however, it does not appear to influence the acute postexercise elevation in markers of the ubiquitin proteasome system or the breakdown of intact proteins.
NEW & NOTEWORTHY The impact of postexercise leucine ingestion on processes of skeletal muscle breakdown in older adults is not well understood. Additional postexercise leucine ingestion appears to further reduce autophagy, but it does not interfere with the increase in ubiquitin proteasome system markers or the breakdown of intact proteins in skeletal muscle of older men. Postexercise leucine ingestion may promote a healthier protein pool and favorable muscle adaptations in older adults through greater accretion of myofibrillar proteins. leucine; skeletal muscle; protein breakdown; autophagy; fractional breakdown rate AGING IS CHARACTERIZED BY A gradual loss of skeletal muscle mass (24) , which contributes to reductions in whole muscle strength and function and has debilitating consequences for older adults. Specifically, the collective loss of muscle mass and function with aging, commonly referred to as sarcopenia (3) , is associated with impaired physical function, mobility impairments, and a reduced ability to perform activities of daily living. This muscle dysfunction places older adults at an increased risk for falls, frailty, and dependence (3) .
Skeletal muscle adaptation is dependent on a dynamic interplay between changes in muscle protein synthesis and muscle protein breakdown. Not only does this relationship dictate changes in skeletal muscle mass, but the turnover of muscle proteins also represents an important process to promote/ preserve a healthier intramuscular protein pool (37, 51) . In young individuals, ingesting essential amino acids (EAA) and/or protein shortly following a bout of resistance exercise (RE) facilitates a positive net protein balance largely through the enhancement of protein synthesis rather than a reduction in protein breakdown, although this has been largely studied only during the immediate hours after exercise (1, 36) . On the other hand, while postexercise EAA ingestion appears to be a necessary strategy to elicit a protein synthesis response to exercise in older adults (9) , the extent to which postexercise EAA ingestion impacts the processes that regulate muscle protein breakdown following exercise remains much less defined in older adults, in particular over an extended postexercise time course.
The breakdown of skeletal muscle protein following exercise is facilitated through both the ubiquitin proteasome (39) and the autophagosomal-lysosomal systems (13) . While the ubiquitin proteasome system is largely responsible for the degradation of the myofibrillar proteins (44) , the autophago-somal-lysosomal system involves the degradation of intracellular proteins, macromolecules, and organelles through the formation and subsequent degradation of autophagosomes (11) . Both of these degradation pathways appear to be centrally controlled by the transcription factor forkhead box O3a (FoxO3a) (27, 42, 56) . Specifically, FoxO3a is responsible for increasing the expression of two well-known E3 ubiquitin ligases, muscle-specific RING finger-1 (MuRF1) and muscle atrophy F-box, (MAFbx; atrogin-1) (42), as well as several genes involved in the induction of autophagy (27, 56) . The activity of FoxO3a is inhibited through phosphorylation by Akt, which leads to the relocation of FoxO3a out of the nucleus and into the cytosol to inhibit its transcriptional activity. In addition to regulation through Akt/FoxO3a, recent data indicate that tumor necrosis factor (TNF) receptor-associated factor-6 (TRAF6) may coordinate the activity of the ubiquitin proteasome and autophagosomal-lysosomal systems in skeletal muscle (34) . TRAF6 can be activated by fibroblast growth factor-inducible-14 (Fn14) (33) , which is a TNF-like weak inducer of apoptosis receptor that has recently been shown to increase in expression in human skeletal muscle following RE (40) .
The amino acid leucine has received considerable attention as a stimulator of growth-related cell signaling and translation initiation (15) . In particular, aging muscle appears to have an anabolic sensitivity to different quantities of ingested leucine (19) , and studies indicate that older adults may require greater than 2 g of ingested leucine to elicit a substantial protein synthesis response (7) . Alternatively, leucine ingestion has also been shown in animal models to suppress protein breakdown (28, 29), and we have demonstrated in younger adults that higher doses of ingested leucine, in the absence of previous exercise, may reduce muscle protein breakdown, perhaps through a reduction in autophagy (15) . While the sensitivity of aging muscle to the anabolic effect of leucine is well documented, the extent to which different quantities of ingested leucine impact the processes that regulate breakdown in aging skeletal muscle remains relatively unexplored. Therefore, the purpose of this study was to identify the impact of postexercise EAA ingestion on the molecular regulation of the ubiquitin proteasome and autophagosomal-lysosomal systems in skeletal muscle following acute RE in older adults, and in particular examine the role of postexercise leucine ingestion. We hypothesized that greater quantities of postexercise leucine ingestion would be associated with an attenuated overall induction of skeletal muscle protein breakdown, as assessed through various molecular markers.
MATERIALS AND METHODS
Fifteen healthy older men volunteered for this study. All participants were considered recreationally active but not engaged in a regularly scheduled exercise-training program. Screening was performed as previously described for these participants (6) , with clinical history, physical examination, and laboratory tests, including complete blood count with differential, liver, and kidney function tests, coagulation profile, fasting blood glucose, oral glucose tolerance test, hepatitis B and C screening, HIV testing, thyroid-stimulating hormone, urinalysis, and drug screening. Maximal knee extensor muscle strength was determined for each subject on two separate occasions using a 1-repetition maximum (1 RM) performed on a leg extension device (Cybex-VR2, Medway, MA), as previously described (6) . All participants gave informed, written consent before participation in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (in compliance with the Declaration of Helsinki, as revised in 1983).
Study design. Subjects were randomized to one of two treatment groups, control (n ϭ 7) or leucine (n ϭ 8) (Table 1) . Both groups completed an identical 2-day experimental trial, with the exception of the composition of the EAA beverage (6, 15) that was ingested following RE ( Table 2) .
All experimental trials were conducted at the Institute for Translational Sciences Clinical Research Center (ITS-CRC) of the University of Texas Medical Branch. Subjects were admitted to the ITS-CRC the evening before the experimental trial and fed a standard dinner and a snack at 2200. All subjects were studied following an overnight fast under basal conditions and were asked to refrain from exercise for 24 h before the experimental trial. All experimental trials were conducted during the same time of day to avoid potential circadian changes. Whole and segmental body composition of all subjects was measured with a dual-energy X-ray absorptiometry scan (Hologic QDR 4500W, Bedford, MA).
At~0600 on the morning of day 1 of the experimental trial, an 18-gauge polyethylene catheter was inserted into the antecubital vein for tracer infusion, and a separate catheter was inserted into a hand vein for heated arterialized blood sampling. After background blood sampling, primed continuous infusions of L-[ 15 N]phenylalanine and L-[1-13 C]leucine (Cambridge Isotope laboratory, Tewksbury, MA) were initiated and maintained at a constant rate. L-[ 15 N]phenylalanine was infused for 3.5 h for the measurement of fractional breakdown rate (FBR, see below) as described (13) , while L-[1-13 C]leucine was infused for the duration of the experimental trial day for determination of blood and intracellular leucine concentrations. Each tracer was dissolved in sterile 0.9% saline and passed through a 2-m filter. The priming doses for L-[ 15 N]phenylalanine and L-[1-13 C]leucine were 2 and 4.8 mol/kg, respectively. The constant infusion rates for L-[ 15 N]phenylalanine and L-[1-13 C]leucine were 0.05 and 0.08 mol·kg Ϫ1 ·min Ϫ1 , respectively. Two hours into the tracer infusion, a basal muscle biopsy was obtained under sterile procedures and local anesthesia (1% lidocaine) from the lateral portion of the vastus lateralis using a 5-mm Bergström biopsy needle with suction. The muscle tissue was immediately blotted and frozen in liquid nitrogen and stored at Ϫ80°C until analysis. A second muscle biopsy was obtained from the same incision 2.5 h following the first biopsy (~1 h following termination of the L-[ 15 N]phenylalanine tracer infusion).
Following the second biopsy, subjects were escorted to a Cybex leg extension machine on which they performed eight sets of 10 repetitions of bilateral leg extension RE at a mean intensity of~65% (average of all 8 sets) of their predetermined 1 RM with 3 min of rest between sets, as our laboratory has previously described (4, 6, 9) . On completion of the exercise bout, the subjects returned to their hospital bed and rested supine for the remainder of the study. At 1 h postexercise, subjects in the control group ingested 10 g of EAAs containing 1.85 g of leucine, whereas subjects in the leucine group ingested 10 g of EAAs containing 3.5 g of leucine (see below). Muscle biopsies were performed at 2 and 5 h postexercise (1 and 4 h postbeverage, respectively). Following collection of the 5-h postexercise muscle biopsy, day 1 was concluded, and subjects were given a standard lunch. Subjects were also fed a similar dinner and snack on the night before day 1. The next morning (day 2), after an overnight fast, catheters were inserted at 0600 as described above for the primed, continuous infusions of L-[ 15 N]phenylalanine and L-[1-13 C]leucine and for arterialized blood sampling. L-[ 15 N]phenylalanine was again continuously infused for 3.5 h, whereas L-[1-13 C]leucine was infused for the duration of the experimental trial day. A fifth and sixth muscle biopsy were obtained at 2 and 4.5 h after initiation of the tracer infusion. The last biopsy time corresponded to 24 h following completion of exercise (~1 h following termination of the L-[ 15 N]phenylalanine infusion).
Nutrient solution composition. Ingested EAAs for both groups were provided in a double-blind fashion. The composition of the EAA mixture ingested by the control group was representative of highquality protein and contained 18% leucine, whereas the mixture ingested by the leucine group contained 35% leucine (Table 2) , as our laboratory has employed in previous studies (4, 5, 8, 9, 15) . EAAs were individually weighed and dissolved in 350 ml of a noncaloric, noncaffeinated solution.
Cytosolic and nuclear extraction. Frozen muscle tissue was weighed (34.4 Ϯ 0.2 mg), placed in buffer, homogenized (1:9 wt/vol), and centrifuged at 3,400 g for 10 min at 4°C, followed by removal of the supernatant, which was used for Western blotting of cytosolic proteins (p/t Akt, FoxO3a, Beclin-1, LC3B). The resulting pellet was then suspended in isolation buffer (1 M sucrose, 1 M Tris·HCl, 1 M KCl, 0.5 M EDTA, pH 7.4) containing protease and phosphatase inhibitors and centrifuged for 10 min at 4°C and 700 g. After three series of PBS buffer suspensions and centrifugations at 15,000 g for 5 min at 4°C, the pellet was resuspended and agitated on ice for 2 ϫ 20 min and in a 4°C sonication bath in high-salt buffer (1:4 wt/vol). The slurry was centrifuged at 15,000 g for 10 min at 4°C, and the supernatant was taken as the nuclear fraction and used for Western blotting of nuclear proteins (FoxO3a). Our laboratory has previously validated nuclear and cytosolic fractioning using these procedures (41) .
Immunoblot analysis. Total protein concentrations were determined in cytosolic and nuclear fractions using the Bradford assay (Smartspec Plus, Bio-Rad, Hercules, CA). Samples were diluted (1:1) in a 2 ϫ sample buffer mixture containing 125 mM Tris, pH 6.8, 25% glycerol, 2.5% SDS, 2.5% ␤-mercaptoethanol, and 0.002% bromophenol blue and then boiled for 3 min at 100°C. Equal amounts of total protein (cytosol, 50 g; nuclear, 20 g) were loaded into each lane, and the samples were separated by electrophoresis (150 V for 60 min) on a polyacrylamide gel (Criterion, Bio-Rad) based on size of the target protein. Each sample was loaded in duplicate, and each gel contained an internal loading control and molecular weight ladder (Precision Plus, Bio-Rad). Following electrophoresis, protein was transferred to a polyvinylidene difluoride membrane (Bio-Rad) at 50 V for 60 min.
Blots were then blocked for 1 h in 5% nonfat dry milk and incubated with primary antibody overnight at 4°C (total Akt, 1:1,000; Akt Thr308 , 1:500; FoxO3a, 1:500; LC3B, 1:1,000; Beclin-1, 1:1,000). The next morning, blots were incubated with anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Blots were then incubated in a chemiluminescent solution (ECL plus, Amersham BioSciences, Piscataway, NJ) for 5 min, and optical density measurements were obtained with a phosphoimager (ChemiDoc, Bio-Rad), and densitometric analysis was performed using Quantity One 4.5.2 software (Bio-Rad). Immunoblot data were normalized to an internal loading control, which was loaded on all gels for comparison across blots, and data are adjusted to represent fold change from basal. The proportion of FoxO3a protein in the nucleus relative to the cytosol was determined as characterized previously (50) by the ratios of the normalized optical density measurements for the nucleus and cytosol at each biopsy time point. These relative optical density indexes were used to calculate fold change in the relative location of FoxO3a protein (nuclear-cytosolic) from basal. All antibodies were purchased from Cell Signaling Technologies (Beverly, MA).
RNA extraction and semiquantitative real-time PCR. RNA isolation, cDNA synthesis, and real-time quantitative PCR were performed as our laboratory has previously described (10) . Briefly, tissue was weighed (19.1 Ϯ 0.2 mg) and homogenized with a handheld homogenizing dispenser (T10 Basic Ultra Turrax, IKA, Wilmington, NC) in 1 ml of TRI-Reagent. RNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE), and RNA was DNase treated using a commercially available kit (DNA-free, Ambion, Austin, TX). A total of 1 g of RNA was reverse transcribed into cDNA according to the directions provided by the manufacturer (iScript, Bio-Rad, Hercules, CA). Realtime quantitative PCR was carried out with a CFX Connect Real-Time PCR Detection System (Bio-Rad). cDNA was analyzed with SYBR green fluorescence (iQ SYBR green supermix; Bio-Rad). Primer sequences not previously published (13) were designed using the National Center for Biotechnology Information database and carefully optimized ( Table 3 ). ␤ 2-Microglobulin was utilized as a normalization/housekeeping gene. Relative fold changes were determined from the Ct values using the 2 -⌬⌬Ct method (25) .
Determination of leucine concentrations. Concentrations of leucine were determined in blood and muscle intracellular fluid using [1-13 C]leucine tracer enrichments and L-[5,5,5-2 H3]leucine as the internal standard, as previously described (52) . All tracer measurements were determined via gas chromatography-mass spectrometry (6890 Plus GC, 5973N MSD, 7683 autosampler, Agilent Technologies, Palo Alto, CA). Basal blood and muscle intracellular leucine concentrations, taken as the average of two preexercise blood and muscle samples, respectively, were subtracted from all time points, such that data are presented as absolute change from basal leucine concentration for both blood and muscle.
Calculation of FBR. The FBR of muscle proteins was measured only at basal and 24 h postexercise as the ingestion of EAAs and associated changes in intracellular amino acid concentration (6) could have violated assumptions associated with this methodology (52) . FBR was determined at these time points with L-[ 15 N]phenylalanine using the precursor-product method (55) , where the blood and muscle intracellular dilutions following cessation of tracer infusion are used to model FBR, and formulas, as our laboratory has previously described (13, 17) . Briefly, this method requires measurement of intracellular free phenylalanine enrichment at steady state and after 1 h of tracer decay, along with frequent arterialized blood sampling, in addition to the free and bound phenylalanine content of the muscle. The first biopsy of day 1 and day 2 (biopsies 1 and 5, respectively) were used to establish intracellular free phenylalanine enrichment at steady state for day 1 (basal) and day 2 (24 h postexercise), while the second biopsy of each day (biopsies 2 and 6, respectively) were used to assess intracellular free phenylalanine enrichment after 1 h of tracer decay for day 1 and day 2, respectively. Arterialized blood was frequently sampled (5-to 10-min intervals) during the 1 h of tracer decay in an identical fashion for the measurement on day 1 and day 2.
It was assumed that arterial blood is the only source of tracer entering the muscle intracellular free pool, such that there is no tracer recycling (55) . Due to failure in two catheters during the breakdown period of day 1, FBR was determined for seven control and six leucine subjects. Statistical analysis. All data were tested for normality through skewness and kurtosis analyses and visual inspection of the normality plots using SPSS version 22 (IBM). For nonnormally distributed data, a natural log (ln) transformation was performed before statistical analyses. A two-way ANOVA with repeated measures on the time factor was used to test group by time differences. A Tukey's post hoc analysis was used to determine specific differences within an ANOVA. An independent t-test was used to test for differences in subject characteristics between groups. Data analyses were conducted using SigmaStat version 12.0 (Systat Software). Significance for all analyses was set a priori at P Ͻ 0.05. For presentation of transformed data, appropriate back transformations were conducted, and data are presented as geometric mean Ϯ 95% confidence interval. Transformed data are noted in respective figure and table captions. Nontransformed data are presented as means Ϯ SE.
RESULTS
There were no group differences for 1 RM (Table 1) Representative blots for all proteins are presented in Fig. 1 . Cytosolic Akt phosphorylation (Thr308) was increased in both groups at 2 h postexercise (main effect of time, P ϭ 0.06), whereas no changes in Akt phosphorylation from basal were observed at 5 h or 24 h postexercise in either group ( Fig. 2A ) (P Ͼ 0.05). No group differences in cytosolic Akt phosphorylation (Thr308) were observed at any time point (P Ͼ 0.05).
Total nuclear FoxO3a protein was unchanged from basal (P Ͼ 0.05) in both groups (Fig. 2B) , and no group differences in total nuclear FoxO3a protein were observed at any time point (P Ͼ 0.05). Total cytosolic FoxO3a protein was not statistically changed from basal in either group (P Ͼ 0.05); however, the leucine group had higher levels of total cytosolic FoxO3a protein during the postexercise period (main effect of group, P Ͻ 0.05) (Fig. 2C ). No changes from basal in the ratio of nuclear to cytosolic FoxO3a protein were observed for either group (P Ͼ 0.05); however, this ratio was higher in the control 
ATG7, autophagy related 7; BECN1, Beclin-1; BNIP3, BCL2/adenovirus E1B 19-kDa interacting protein 3; GABARAP, GABA(A) receptor-associated protein; LAMP2B, lysosomal-associated membrane protein 2 transcript variant B; LC3, microtubule associated protein 1 light chain 3; CISD2, CDGSH iron-sulfur domain-containing protein 2; RUNX1, runt-related transcription factor 1; Fn14, fibroblast growth factor-inducible 14; TRAF6, tumor necrosis factor receptor-associated factor 6. group than in the leucine group at 24 h postexercise (P Ͻ 0.05) ( Fig. 2D ). mRNA expression of MuRF1 was elevated above basal values in both groups at 2 h and 5 h postexercise (time effects, P Ͻ 0.05) and returned to basal values at 24 h postexercise in both groups (Fig. 3A) . MAFbx mRNA expression was unchanged from basal values in both groups and at all time points (P Ͼ 0.05) (Fig. 3B ). No group differences were observed for MuRF1 or MAFbx mRNA expression at any time point (P Ͼ 0.05).
Control Leucine
mRNA expression for several autophagy-related markers are displayed in Table 4 . LC3 mRNA expression [necessary for autophagosome formation and degradation (47)] was elevated above basal values only at 2 h postexercise in the leucine group (P Ͻ 0.05), whereas LC3 mRNA expression was elevated above basal values at 2, 5, and 24 h in the control group (P Ͻ 0.05). Furthermore, the mRNA expression of CDGSH ironsulfur domain-containing protein 2 (CISD2), a negative regulator of autophagy (2) , was increased at 24 h postexercise only in the leucine group (P Ͻ 0.05). Alternatively, runt-related transcription factor 1 (RUNX1) mRNA expression, which has also been shown to be associated with reduced autophagy (48) , was increased at 5 h and 24 h postexercise in both groups (P Ͻ 0.05), with a tendency for RUNX1 mRNA expression to be increased at 2 h postexercise in the leucine group (P ϭ 0.08). Beclin-1 protein, which supports autophagosome formation (18), was unchanged from basal values in both groups at all time points (P Ͼ 0.05) (Fig. 4A ). LC3BI protein (cytosolic isoform involved in autophagosome formation) was also unchanged from basal values in both groups (P Ͼ 0.05) (Fig. 4B ). On the other hand, LC3BII, which is the conjugated, membrane-bound form of LC3BI that is recruited to autophagosomes during later stages of autophagy (47) , was reduced from basal values at 2 h postexercise in both groups (main effect, P Ͻ 0.05), and it was lower in the control group compared with the leucine group at 5 h postexercise (P Ͻ 0.05) (Fig. 4C ). The ratio of LC3BII to LC3BI (LC3BII/LC3BI) was reduced below basal values at 2 h and 5 h in the leucine group (P Ͻ 0.05), whereas this ratio was reduced at 2, 5, and 24 h in the control group (P Ͻ 0.05) ( Fig. 4D ). Furthermore, LC3BII/LC3BI was lower in the control group compared with the leucine group at 5 h and 24 h postexercise (P Ͻ 0.05).
The mRNA expression of Fn14 was increased at all postexercise time points in both groups (P Ͻ 0.05) (Fig. 5A ). No group differences were observed for Fn14 mRNA expression at any time point (P Ͼ 0.05). TRAF6 mRNA expression was increased at 5 h in the control group (P Ͻ 0.05), whereas no changes in TRAF6 mRNA expression were observed at any time point for the leucine group (P Ͼ 0.05) (Fig. 5B ). No group differences were observed for TRAF6 mRNA expression at any time point (P Ͼ 0.05).
Blood leucine concentrations were elevated from basal only at 2 h postexercise in the control group (P Ͻ 0.05), whereas blood leucine concentrations were elevated at 2 h and 3 h postexercise in the leucine group (P Ͻ 0.05) ( Table 5 ). Furthermore, the elevation from basal values in blood leucine concentrations at 2 h postexercise was greater in the leucine group (P Ͻ 0.05). Muscle intracellular leucine concentrations were not changed from basal at any time point in the control group (P Ͼ 0.05) ( Table 5 ). Conversely, muscle intracellular leucine concentrations were elevated in the leucine group at 2 h postexercise (P Ͻ 0.05). Furthermore, the leucine group dem- onstrated a greater change in intracellular leucine concentrations at 2 h postexercise compared with control (P Ͻ 0.05). Skeletal muscle FBR did not change from basal levels in either group, and no group differences were observed at basal or 24 h postexercise (P Ͼ 0.05) ( Fig. 6 ).
DISCUSSION
Leucine has been characterized as a potent stimulator of muscle protein synthesis; however, its influence on postexercise protein breakdown in human skeletal muscle has received less attention. The results from the present study indicate that markers of the ubiquitin proteasome system are acutely elevated following the combination of RE and EAA ingestion in older men, and that the quantity of ingested leucine following RE appears to have minimal effects on this acute response or on the breakdown of intact proteins (as measured via FBR). On the other hand, while both groups showed a similar reduction in the LC3BII/LC3BI and increase in LC3 mRNA expression at 2 h postexercise, indicating reduced autophagosome formation in both groups, differences in these markers between groups at later time points suggest that larger quantities of ingested leucine may also facilitate a greater suppression of autophagosome degradation over a 24-h postexercise time course.
Our laboratory has previously demonstrated in young and older adults that RE, in the absence of postexercise nutrition, stimulates an acute upregulation of the ubiquitin proteasome system (13) , the primary pathway responsible for myofibrillar protein breakdown (44) . In the present study, coupling RE with postexercise EAA ingestion produced similar responses in the time course of Akt phosphorylation and the expression of MuRF1 and MAFbx mRNA as our laboratory's previous findings (13) and those of others (45) . While the present study was focused on different postexercise leucine quantities and did not include an RE-only group (e.g., no postexercise nutrition), comparison to these previous findings indicate that postexercise EAA ingestion has minimal influence on markers of the ubiquitin proteasome system that are responsive to RE in older adults. Furthermore, although the effects of ingested amino acids on muscle protein breakdown appear limited (1, 16) , some data indicate that leucine may reduce protein breakdown (28, 29). While we did observe subtle differences in the cellular location of FoxO3a, expression of MuRF1 and MAFbx mRNA was similar in both groups. Thus it appears that greater amounts of ingested leucine do not interfere with the response Table 4 . mRNA analyses of positive and negative regulators of autophagy in the skeletal muscle of older men under basal conditions and after resistance exercise and the ingestion of 10 g of essential amino acids containing 1.8 g (control) or 3.5 g of leucine (leucine) (25) . Data for runt-related transcription factor 1 (RUNX1) were transformed and are presented as geometric means Ϯ 95% confidence interval. All other data are presented as means Ϯ SE. ATG7, autophagy related 7; BECN1, Beclin-1; BNIP3, BCL2/adenovirus E1B 19-kDa interacting protein 3; GABARAP, GABA(A) receptor-associated protein; LAMP2B, lysosomal-associated membrane protein 2 transcript variant B; LC3, microtubule associated protein 1 light chain 3; CISD2, CDGSH iron-sulfur domain-containing protein 2. *P Ͻ 0.05 vs. basal. †P ϭ 0.08 vs. basal. of the ubiquitin proteasome system to RE, at least at the time points examined. Given that our laboratory has previously demonstrated in these subjects that leucine ingestion enhances myofibrillar protein synthesis over this postexercise time course (6) , these data demonstrate that the accretion of myofibrillar proteins may be enhanced with higher postexercise leucine ingestion (i.e., similar response of the ubiquitin proteasome system and enhanced myofibrillar protein synthesis).
In agreement with previous human studies (12, 13, 43) , we observed a reduced LC3BII/LC3BI in both groups 2 h post RE, largely due to a reduction in LC3BII. A change in the LC3BII/ LC3BI alone can be difficult to interpret (21) , as it can be indicative of either a reduction in autophagy flux (less conversation of LC3BI to LC3BII) or an increase in autophagy flux (increased degradation of LC3BII in the lysosome or reconversion to LC3BI). In the present study, the reduced LC3BII/ LC3BI in both groups 2 h postexercise was coupled with limited changes in many autophagy-related genes (Table 4 ). Collectively, we interpret these findings to indicate that autophagy, specifically the formation of autophagosomes, was reduced from basal in both groups 2 h post-RE. Furthermore, this response was similar between groups, suggesting that the quantity of ingested leucine does not impact this reduction in autophagosome formation in skeletal muscle during the immediate few hours postexercise.
Interestingly, whereas the control group demonstrated a reduced LC3BII/LC3BI up to 24 h postexercise, the leucine group experienced a shorter time course that was coupled with a higher LC3BII/LC3BI at 5 and 24 h postexercise and higher LC3BII protein at 5 h compared with the control group. It is interesting to speculate that the higher LC3BII protein and LC3BII/LC3BI in the leucine group relative to the control group at later postexercise time points could signify less relative degradation of LC3BII, and thus a greater reduction in the degradation of formed autophagosomes compared with control. Indeed, the higher LC3BII/LC3BI in the leucine group relative to control 24 h postexercise coincided with a groupspecific upregulation of CISD2, which negatively regulates autophagy (2) . Furthermore, a greater reduction in autophagosome degradation in the leucine group would be supported by greater intracellular leucine availability, which reduces autophagic activity (15, 53) , and sustained activation of mammalian target of rapamycin signaling (14) , which our laboratory has previously published in these subjects (6) . In addition, the control group demonstrated a sustained increase in the expression of LC3 mRNA up to 24 h postexercise relative to the leucine group (increased only at 2 h). Recent speculation suggests that a feedback mechanism, perhaps at the lysosome, may coordinate the later stages of autophagy (degradation) with the initial stages (autophagosome formation) (14) . Thus, while it appears autophagy flux was generally reduced after exercise in both groups (relative to basal), the sustained upregulation of LC3 mRNA specific to the control group may indicate a greater suppression of autophagosome degradation in the leucine group.
Recent findings indicate that both the ubiquitin proteasome and autophagosomal-lysosomal systems may be regulated by the E3 ubiquitin ligase, TRAF6 (23, 34) . Animal studies have demonstrated that knockout of TRAF6 prevents starvationinduced muscle atrophy, in conjunction with reduced activity of the ubiquitin proteasome and autophagosomal-lysosomal systems (33) . TRAF6 can be activated by Fn14 (23) , and recent data highlight that RE independently increases skeletal muscle Fn14 mRNA expression in both young and older adults (38, 40) . In agreement with these studies, Fn14 mRNA expression was substantially increased in the present study, and this response was unaffected by the quantity of leucine ingested. On the other hand, TRAF6 mRNA was only increased in the control group, which occurred 5 h postexercise. Indeed, TRAF6 appears to be sensitive to nutrient status (32) , and our data indicate that greater postexercise leucine ingestion may suppress this increase in TRAF6 mRNA. Thus it is interesting to speculate that suppression of TRAF6 in the leucine group could be responsible for what appears to be greater suppression of autophagosome degradation relative to control. Further research is warranted to more precisely uncover the role of TRAF6 in mediating postexercise autophagy in human skeletal muscle.
We did not observe a significant increase in FBR 24 h postexercise in either group. Interestingly, the~27% overall increase observed in the present study 24 h post-RE is somewhat greater than the increase previously presented by our laboratory (13) and others (35) . While the breakdown of intact proteins may have been influenced at earlier time points (35) , the study design did not allow for the inclusion of earlier time points, as the influx of ingested EAAs could have violated assumptions of the methodology (see MATERIALS AND METHODS). Furthermore, despite what appears to be a greater reduction in autophagosome degradation in the leucine group 24 h postexercise, no difference in FBR was observed between groups. FBR measures the breakdown of intact muscle proteins (52), whereas autophagy is associated with the breakdown of not only proteins, but also organelles and other macromolecules. Thus changes in autophagy flux following RE may be diluted by other processes (i.e., ubiquitin proteasome system) and not captured in the measurement of FBR post-RE. Alternatively, reductions in skeletal muscle autophagy following RE and nutrient ingestion could be specific to nonprotein sources.
The transcription factor RUNX1 has also been implicated in the regulation of muscle atrophy. Although the precise mechanisms have yet to be uncovered, knockout of RUNX1 increases autophagy (48) , highlighting that RUNX1 may act as a negative regulator of autophagy. Interestingly, and despite potential differences in autophagosome degradation, RUNX1 mRNA was increased in both groups at 5 h and 24 h postexercise, which may be a response to reduce autophagosome formation, as opposed to degradation (48) . In addition, RUNX1 has been identified in young individuals as a transcription factor involved in the remodeling of skeletal muscle to exercise (20, 26) . Our data indicate that RE with postexercise EAA ingestion provides a stimulus to increase skeletal muscle RUNX1 mRNA expression in older men. Furthermore, RUNX1 has also been identified as a regulator of myosin heavy chain (MHC) IIa expression in skeletal muscle (48) . RE can facilitate a transition toward MHC IIa fibers (49) , and it has been shown by some to preferentially increase MHC IIa fiber cross-sectional area in older adults (22) . Thus increased RUNX1 expression could alternatively be related to the transcription of MHC IIa. Given that older adults experience a preferential atrophy of MHC IIa fibers (24) , continued investigation into the role of RUNX1 in the regulation of skeletal muscle adaption of older adults to exercise and nutrition is warranted.
In conclusion, we demonstrate that the combination of RE and postexercise EAA ingestion appears to upregulate the activity of the ubiquitin proteasome system while reducing autophagy in the skeletal muscle of older men. Furthermore, a larger quantity of leucine ingested following exercise appeared to result in a greater reduction in the degradation of autophagosomes over the time course studied. However, the quantity of ingested leucine had minimal effects on markers of the ubiquitin proteasome system or on the breakdown of intact protein 24 h postexercise. Given the robust ability for postexercise leucine ingestion to stimulate muscle protein synthesis, these data indicate that accretion of myofibrillar proteins is likely also enhanced by strategic postexercise leucine ingestion. This response could promote a healthier protein pool and more favorable muscle quality-based adaptations. More research is needed to better understand the interaction among exercise, nutrition, and aging on skeletal muscle breakdown and autophagy, and, in particular, some focus should be given to more precisely uncover the functions of TRAF6 and RUNX1 in the context of muscle adaptation to exercise and nutrition in older adults.
